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1. Introduction
Since the invention of the internal combustion (IC) engine, there 
has been a surge in its applications for the manufacture of automo-
biles and machinery suitable for transportation and industrial 
production operations and processes. Such automobiles and ma-
chinery function only through the use of fuel (petrol) and lubricants 
in the IC engines. The functionality of IC engines is however, 
not without pollution risks that can only be minimized, but not 
eliminated. This often leads to myriads of environmental problems 
in the absence of any strategy targeted at minimizing the pollutants 
from the engines. One of such environmental concerns is the 
handling procedure of spent-engine oils used in IC engines in 
sub-Saharan African countries. In Nigeria, for instance, over 76 
million litres of spent-engine oils is produced annually by auto 
and generator mechanic workshops, apart from those spilled acci-
dentally from engine exhaust systems during engine operations 
[1, 2]. These are often carelessly discharged as waste oils unto 
the environment by auto-mechanics during engine servicing [3, 
4]. This practice is exacerbated by lack of effective management 
strategies because of rudimentary regulation and monitoring at 
the points of generation [5].
Spent-engine oil is the waste oil generated from lubricating 
oil introduced into the crankcase of IC engines. Oily Lubricants 
are used in automobile engines to reduce the effects of internal 
friction due to moving parts, protect against engine wear, serve 
as cleaning agent by removing contaminants from the engine as 
well as serve as anticorrosive and cooling agent [5]. Because of 
these roles that lubricant oil performs in IC engines, it picks up 
a number of impurities over its useful life in the engine. The waste 
oil arises due to the high temperature and mechanical strain it 
undergoes within the IC engines [6]. The constituents of spent-en-
gine oils are influenced by the working mechanism of IC engines 
and they vary from metal contaminants such as chromium, lead, 
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zinc, copper, steel; that arise from the wearing down of metallic 
parts of the engine to other constituents such as barium, sulphur, 
dirt, burnt carbon, ash, lubricates additives, decomposition by-prod-
ucts and high molecular weight aliphatic and aromatic hydrocarbons 
such as highly toxic polycyclic aromatic hydrocarbons (PAHs) and 
polychlorinated biphenyls (PCBs) [6, 7]. Most of the constituents 
of spent-engine oil eventually exist as stable oxides, hydroxides, 
carbonates, exchangeable cations that are mostly bound to organic 
matter in the soil [8, 9], and are highly toxic to soil microbes and 
some crops. Notable adverse effects of soil contamination by spent-en-
gine oil have been reported on annual and perennial crops such as 
tomato (Lycopersicumesculentum), maize (Zea mays) [9], Arachis hypo-
gea [2], eggplants [10] and Amaranthus [11].
Soil is a major component of the natural ecosystems and its 
sustainability is of utmost importance to biodiversities and bio-
activities in many respects. For instance, a polluted soil cannot 
support agricultural activities such as crop production. The con-
tamination of agricultural soils by any unwholesome agents such 
as spent-engine oils, may lead to poor soil conditions that can prevent 
it from supporting the growth of crops and essential soil micro-
organisms [9]. The poor soil conditions may manifest as poor soil 
aeration, poor soil porosity, loss of water-holding capacity of the 
soil, reduction of soil appropriate nutrients, and immobilization 
of nutrients and reduced ability of plants and microbes to fix nitrogen 
[12-16]. Generally, the mapping of contaminated soil and the result-
ing cleanup strategies often take a lot of time and money because 
they require vast knowledge and diverse skill sets [16].
Although, recycling of spent-engine oil is one of its viable 
management options, it is rarely carried out in developing nations, 
because of the high cost of operations involved in it [17]. Therefore, 
overland disposal of spent-engine oil often becomes the only available 
option when the oil is no longer needed. The attendant effects of 
such practice on soils are of adverse environmental significance. A 
gallon of spent-engine oil can contaminate and pose immense hazard 
to one million gallons of water, including fauna and flora [18].
Although, a number of physical and chemical amendment tech-
nologies such as solvent addition and chemical oxidation have 
been developed for removing toxic contaminants of petroleum 
origin from contaminated soil as well as for enhancing soil aeration 
[18], however, these technologies are disadvantaged by several 
limitations such as high cost of operation, not environmentally 
favourable; as they tend to destroy soil texture and other character-
istics, and at best, they can only temporarily neutralize the priority 
pollutants without actually removing the pollutants from the soil 
bodies [15]. Therefore, biological clean-up techniques have been 
advocated for the removal of hydrocarbons from petroleum-based 
soil contamination in recent times – because it is widely adjudged 
to be safe, environmentally friendly and relatively cheaper when 
compared to conventional physicochemical methods [16, 19-20].
The ability of some bacteria and fungi to synthesize new cells 
by metabolically utilizing hydrocarbons gave rise to bio-
remediation of soil, water, and sediment that are contaminated 
by petroleum products. A number of environmental and opera-
tional factors are considered to be essential for effective bio-
remediation process, namely: the types of available micro-
organisms, available nutrients, pH, temperature, soil moisture 
content, oxygen, soil properties and concentration of pollutants 
[16]. On this basis therefore, several studies on bioremediation 
processes have been undertaken either as bioaugmentation strategy 
– which involves inoculating into the contaminated soils, appro-
priate microbes that possess the ability to biochemically degrade 
the hydrocarbons to synthesize new cells or by biostimulation 
strategy – which involves the addition of organic and/or inorganic 
nutrients to contaminated soil to stimulate the growth of essential 
heterotrophic contaminant-degrading bacteria and fungi [5, 19-21]. 
However, the choice of the appropriate bioremediation strategy 
to use in a particular petroleum-contaminated soil is influenced 
by the deficient factors in the soil microenvironment [16].
Several studies have been conducted to investigate the impacts 
of nutrients-induced biostimulation strategy on indigenous soil 
microorganisms’ capacity to biodegrade soils contaminated by 
petroleum products, including spent-engine oil [5, 22-27]. 
Bioremediation of used motor oil contaminated soil using elephant 
and horse dung as stimulants was conducted by [25]. The impact 
of cow dung on the ability of Eleusine indica to remediate crude 
oil artificially added to a particular soil was studied by [27]; 
and [28] also investigated whether cow dung can stimulate the 
bioremediation of soils obtained from automobile mechanic 
workshop. The potential of poultry droppings to create conducive 
environment for bacteria and fungi to thrive, thereby biodegrading 
hydrocarbons as energy source was studied by [5, 29]. Studies 
were also conducted to assess the extent of bioremediation of 
some soils artificially contaminated by spent lubricating oil [26] 
and crude oil [15], when the soils were amended with lime and 
inorganic nitrogen-phosphorus-potassium (NPK) fertilizer for up 
to 56-d and 10-week incubations, respectively.
In general, most of these researchers reported that the extent 
of bioactivities attained within the contaminated soil is directly 
connected to the nature and amount of the nutrients added. 
However, deficient or excessive addition of nutrients to the con-
taminated soils could be counterproductive to biostimulation ob-
jective [25]. Especially, if the added nutrients lack essential micro-
nutrients, are toxic to indigenous soil microorganisms or enhance 
the degradation of added nutrients, while abandoning the major 
soil contaminants to persist.
To the best of our knowledge, very few studies have investigated 
the influence of amending spent-engine oil contaminated soils 
with nutrients combination of different origin as well as the optimal 
amount of such nutrients combination on the overall efficiency 
of the biostimulation strategy. The aim of this study was to use 
Box-Behnken-Design (BBD) under response surface methodology 
(RSM) to assess the optimum nutrient combinations required by 
indigenous microorganisms to biodegrade total petroleum hydro-
carbons from a spent-engine oil contaminated soil so as to improve 
its porosity and establish some regression models to predict the 
fate of such soils, when subjected to biostimulation strategy using 
cow-manure, poultry-manure and NPK-fertilizer as the in-
dependent biostimulant variables.
2. Materials and Methods
2.1. Application of Response Surface Methodology by BBD
The application of RSM by BBD requires the process factors (i.e., 
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independent variables) to satisfy the assumption that the variables 
are measurable, continuous, and controllable by the experiments, 
with negligible errors. The following conditions were therefore 
carried out: experiments were conducted to adequately and reli-
ably measure the dependent variables (i.e., total petroleum hydro-
carbon (TPH) and total soil porosity (TSP)); second-order quadric 
regression response surface models were developed for the de-
pendent variables; the optimal set of experimental parameters 
(i.e., independent variables) needed to produce the optimum re-
sponse values were determined; and the direct and interactive 
effects of the process parameters (factors) were assessed by 3 
dimensional graphical plots.
2.2. Collection and Preparation of Soil and Manure Samples
Recently polluted soil samples were randomly collected using 
auger-boring instrument within the topsoil zone at depths ranging 
from 10 to 30 cm at the premises of an auto-mechanic workshop 
in Makurdi, Nigeria. The soil samples were air-dried, homogenized 
by manual pulverization and sieved through 2 mm sieves. The 
soil samples that passed through the sieve were collected and 
stored in jute bags at room temperature for 24 h. The inherent 
physical, chemical and microbial properties of the soil sub-samples 
were determined in the laboratory. The soil pH was determined 
by inserting an electrode of a pH meter into a soil-water sample 
prepared in a ratio of 1:1 as described by [3]. The organic carbon 
content of the soil was determined by using the wet combustion 
method described by Walkley and Black [30] with a Leco 1000 
CHN analyzer and the Macro-Kjeldahl method was used to de-
termine the total nitrogen content of the soil [31]. The soil moisture 
content was determined by evaporation on a Whatman filter paper 
No. 1 in an oven set at 105oC for 24 h [29]. The initial total 
hydrocarbon-degrading microbial population in the contaminated 
soil was determined by the pour plate method [32]. This was 
done by preparing a culture medium from agar mineral salt and 
1% spent-engine oil to isolate the hydrocarbon-degrading microbes 
from the contaminated soil. About 0.1 mL aliquot of the medium 
diluted to a factor of 0.001 was placed on a plate and incubated 
at 30oC for approximately five days. The distinct colonies devel-
oped on the plate were counted and expressed in colony forming 
unit per gram (cfu/g). The TPH removal and TSP improvement 
in the spent-engine contaminated soil samples were determined 
before and during the bioremediation treatment.
2.2.1. Assessment of TPH
The method described by [33] was used to assess the TPH contents 
of each soil sample in all the bioreactors. This was done by in-
troducing and mixing 5.0 g of the soil with 20 mL of hexane, 
followed by filtering the resulting mixture on a Whatman filter 
paper No. 1. Thereafter, the filtrate was allowed to dry at room 
temperature by evaporation of the hexane solvent within a fume 
cupboard lased with a gentle stream of nitrogen. This was then 
followed by spectrophotometric determination of the residual TPH 
content of the soil samples by reading absorbance with the aid 
of ultra violet range spectrophotometer (Model: Helios Alpha, 
Helios Beta, UV 1, Aquamate spectro unicam) at 400 nm with 
freshly diluted spent-engine oil in hexane as blank sample. The 
actual concentration values of TPH in the soil samples were meas-
ured from a standard curve of absorbance and then multiplied by 
a dilution factor. The spectrophotometer was initially calibrated by 
reading the absorbance of spent-engine oil dissolved in the hexane.
2.2.2. Assessment of TSP
The TSP of a volume of soil is a measure of how much pore 
spaces it contains [34]. The TSP was measured by finding the 
ratio of pore spaces to the total soil volume, as shown in Eq. (1).
%Tsp = (pore space / total volume) × 100 (1)
The pore space is equivalent to the volume of deionized water 
introduced to submerge soil sample up to the level attain by equal 
volume of 50 mL deionized water in a graduated measuring cylinder 
[34]. This was done by introducing 50 mL deionized water into 
a transparent cup and marking the water level in the cup. The 
water was then emptied into another container and the cup refilled 
with sample of the contaminated soils up to the marked level. 
The deionized water was carefully reintroduced into the cup until 
it reaches the top of the soils. The volume of the remaining deionized 
water was subtracted from the total volume (50 mL) [34, 35]. This 
implied that the volume of water added to submerge the soil sample 
was equivalent to the pore spaces in the soil.
2.2.3. Collection and assessment of manure samples
The required cow and poultry manures were collected from the 
matured cattle and laying chicken pens, respectively from Oracle 
Farms Limited in Makurdi, Nigeria, where matured cattle are 
housed by semi-intensive system and laying chickens are kept 
in battery-cage system. The raw manures were separately pulv-
erized by manual method and passed through 2 mm sieves. They 
were thereafter collected and stored in jute bags at room temper-
ature for 24 h prior to the treatment operation. In order to determine 
the carbon to nitrogen ratios and other vital properties of the 
manures, samples were taken from them and analyzed with partic-
ular emphasis on the following parameters: organic carbon, total 
nitrogen, total phosphorus and total potassium contents of each 
sample. The organic carbon contents of the manure samples were 
determined by using the Walkley and Black method [30], while 
their total nitrogen contents were determined by using the regular 
Macro-Kjeldahl method [31]. The available phosphorus in each 
Fig. 1. Bioreactors with spent-engine oil contaminated soil samples.
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manure sample was determined by using the Bray No. 1 method 
[31] and the potassium content of the samples was determined by 
flame photometer as described by [3]. The NPK-fertilizer was procured 
from the New Garage Agro Chemical Shop in Makurdi, Nigeria.
2.3. Experimental Design and Data Analysis
Prior to designing the experimental runs, preliminary experiments 
were carried out to determine the effective ranges of the in-
dependent variables (i.e., cow-manure, poultry-manure and 
NPK-fertilizer) that are suitable for adequate and reliable response 
of the dependent variables (TPH and TSP). The results of the 
preliminary experiment indicate that TPH removal and improve-
ment in TSP were most effective in the range of cow-manure 
from 100.0 to 150.0 g per kg, poultry-manure in the range of 
75.0 to 125.0 g per kg and NPK-fertilizer in the range of 2.5 
to 8.0 g per kg of the spent-engine oil contaminated soil samples.
The statistical software, Design-Expert (version 7.0.0) was used 
to set up the BBD. The experiments were designed and conducted 
as follows: 18 earthen pots (bioreactors) were chosen for the experi-
ment as shown in Fig. 1. 1 kg of the air-dried spent-engine oil 
contaminated soil sample was introduced into each bioreactor 
and then placed in an undisturbed position at room temperature 
(30oC). Treatment 
Table 1. Application of Biostimulant Doses to the Contaminated Soil 
Samples
Biostimulant variable Low level Medium level High level
Code (-1) (0) (+1)
Cow-manure (g) 100.0 125.0 150.0
Poultry-manure (g) 75.0 100.0 125.0
NPK-fertilizer (g) 2.5 5.0 7.5
was administered on the contaminated soil samples in the bio-
reactors by adding the three independent biostimulants variables 
according to the coding matrix of BBD shown in Table 1 at three levels 
(i.e., - 1, 0 and +1) with 17 runs and 1 control. The measured 
quantity of each independent biostimulant variable was introduced 
into each designated experimental run (bioreactor) as shown in 
Table 2. However, the contaminated soil sample used as control 
was not amended with any biostimulants. The treatment of the 
soil samples in each bioreactor was monitored for 42 d, while being 
intermittently stirred twice every week to aerate the samples, thereby 
enhancing biodegradation of the inherent hydrocarbons in the soil 
[3].
Treatment response readings in terms of the extent of bio-
remediation of the spent-engine oil contaminated soil, as indicated 
by TPH removal and improvement in TSP was progressively moni-
tored at an interval of 14 d, even to the last day of incubation. 
The attributes of each biostimulants to the hydrocarbons removal 
and improvement in soil porosity were assessed as coefficients 
of the independent variables on multiple linear regression models 
developed at p ≤ 0.05 significance level.
2.3.1. Statistical analysis and model development
Multiple regression analysis was performed on the collected data 
in order to investigate the nature of the relationship that exists 
between the factors and the responses. The response variables 
were fitted to the generalized form of the second-order quadratic 
regression model in Eq. (2), which can be further expressed as 
Eq. (3) and (4) containing three linear, three quadratics, and three 
interactions for each of TPH and TSP, respectively. By using 
the same Design-Expert (version 7.0.0) software, the significance 
of the various terms in each of the models was ascertained for 
TPH removal and TSP improvement of the spent-engine oil con-
Table 2. Coded and Uncoded Box-Behnken Design for Three Independent Variables
Run
Cow-manure (A) Poultry-manure (B) NPK-fertilizer (C)
code Value (g) code Value (g) Code Value (g)
1 -1 100 0 100 -1 2.5
2 -1 100 -1 75 0 5.0
3 0 125 -1 75 1 7.5
4 0 125 0 100 0 5.0
5 0 125 0 100 0 5.0
6 -1 100 0 100 1 7.5
7 1 150 -1 75 0 5.0
8 0 125 0 100 0 5.0
9 0 125 -1 75 -1 2.5
10 1 150 0 100 1 7.5
11 0 125 1 125 1 7.5
12 1 150 1 125 0 5.0
13 1 150 0 100 -1 2.5
14 0 125 0 100 0 5.0
15 0 125 0 100 0 5.0
16 -1 100 1 125 0 5.0
17 0 125 1 125 -1 2.5
18 control - - - - -
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taminated soil.
Y = f(x) = β0 + ∑i  k βixi + 
∑i  k ∑j  i k Bijxixj + ∑i  k βiixi2 (2)
YTPH = a0 + a1A + a2B +a3C + a11A2 + a22B2 +
a33C2 + a12AB + a22AC + a23BC (3)
YTSP = a0 + a1A + a2B + a3C + a11A2 + a22B2 +
a33C2 + a12AB + a22AC + a23BC (4)
Where, ao was the value of the fixed response at the center 
point of the design; a1, a2, and a3 were the linear coefficients; 
a11, a22, and a33 were the quadratic coefficients; a12, a13, and a23 
were the interaction effects coefficients of the regression terms, 
respectively. A, B, and C, were the levels of the independent 
biostimulant variables (i.e., cow-manure, poultry-manure and 
NPK-fertilizer), respectively. The significance of each coefficient 
in the models was determined by F-test and p-values. F-test in-
dicates whether all the factors and interactions considered in 
the experimental designs are either statistically significant (p ≤ 
0.05) at 95% confidence level or not. The regression equations 
were obtained after analysis of variance, which indicates the level 
of total petroleum hydrocarbon removed and improvement in 
the total soil porosity as a function of the three independent 
biostimulant variables.
3. Results and Discussion
3.1. Properties of the Soil and Manure Samples
The results of the soil analyses are shown in Table 3. Generally, 
the results indicate that the presence of the spent-engine oil in 
the soil had adversely altered the soil microenvironments very 
significantly. A case in point is the fact that the spent-engine 
oil contaminated soil did not satisfy the carbon to nitrogen ratio 
of at least 30 that is required for efficient biochemical processes 
to take place in the soil [5]. Therefore, natural bioattenuation 
of the contaminated soil to its original quality would be slow, 
if not impossible, hence, the need to restore the contaminated 
soil to its original status through an engineered biostimulation 
process. There was however, presence of heterotrophic hydro-
carbons-degrading microbes in the contaminated soil samples 
– an average count of 4.3 × 104 cfu/g was recorded (see Table 3). 
This was not surprising in that the presence of hydrocarbons 
such as PAHs and PCBs in soils have been longed reported to 
support the growth of microbes in soils [5]. The presence of hydro-
carbon-degrading microbes in the contaminated soil might have 
been enhanced by the prevailing rainy season, during which the 
soil samples were collected and the fact that spent-engine oil 
was being disposed in a designated area with little vehicular 
and human traffic within the workshop premises.
The results of the analyses of the solid cow and poultry manures 
are also shown in Table 3. The carbons to nitrogen (C:N) ratios 
of both manures were quite lower than the least recommended 
value of 30 for an organic fertilizer [5]. However, the C:N ratio 
value of the cow-manure was considerably higher than that of 
the poultry-manure. This might be due to the fact that the organic 
carbon content of the cow-manure was substantially higher than 
that of the poultry-manure. It is expected however that the com-
bined C:N ratio of the three biostimulant variables will be sufficient 
to biostimulate the growth of essential heterotrophic con-
taminant-degrading bacteria and fungi in the contaminated soil 
being treated. Meanwhile, the values of the other parameters were 
in close range, except for potassium content of the poultry-manure, 
Table 3. Properties of the Spent-Engine Oil Contaminated Soil and the Biostimulants
Soil parameters Values
Textural classification Sandy loam
Moisture content 46.50-%-wet weight
Organic carbon (C) 35.30-%-dry weight
Total nitrogen (N) 1.82-%-dry weight
Carbon:nitrogen ratio (C:N) 18.7:1
Total phosphorus (P) 1.89-%-dry weight
Total potassium (K) 1.21-%-dry weight
pH 6.25
Population of hydrocarbon-degrading microbes(THDO) 4.3 × 104 cfu/g
Total petroleum hydrocarbon (TPH) content 3,548 mg/kg
Total soil porosity (TSP) 25.7%
Properties of independent biostimulants A (%wet wt) B (%wet wt) *C (%)
Total nitrogen (N) 3.60 3.02 3
Total phosphorus (P) 2.52 1.92 2
Total potassium (K) 4.31 4.50 1
Organic carbon (C) 45.22 36.13 -
Carbon:Nitrogen ratio (C:N) 12.60 11.96 -
*As quoted by fertilizer manufacturer
Environmental Engineering Research 24(3) 484-494
489
which was reasonably higher than that of the cow-manure.
In general, the variability recorded in the analytical results 
of the chemical properties of the cow and poultry manures may 
have been informed by the fact that these manures originated 
from different types of animals with different maturity as well 
as consume different types of feeds. The fact that the animals 
which produced the manure differ in body size also enables them 
to have different feeding practices. While cows are monogastric 
(chew their cud), poultry are not. Hence, solid manure from cow 
may have different nutrients composition from that generated 
from poultry. This assertion was accentuated by [36], as they 
reported that the type of livestock, stage of growth and feeding 
practices were the primary factors that influence the composition 
of nutrients from livestock manure. The slightly higher carbon 
to nitrogen ratio of the cow-manure, as compared to the poul-
try-manure may be attributed to the high molecular carbon-rich 
cellulose that characterizes cow feeds.
3.2. Natural Bioattenuation and Biostimulation Treatment
3.2.1. Removal of TPH and improvement in TSP in the control 
soil samples
The comparative results of the percentage TPH removal from 
the contaminated soil and the corresponding improvement in 
TSP under natural bioattenuation (control) within the 42-d inves-
tigation is as shown in Table 4. Apparently, changes were recorded 
in the properties of the soils contained in all the bioreactors, 
including the control soil samples. The maximum values recorded 
for TPH removal and TSP improvement in the control samples 
right from the first day of incubation to the last (day 42) were 
19.20 and 15.10%, respectively for soils contaminated by spent-en-
gine oil in an automobile workshop (see Table 4). As compared 
to the nutrients-amended samples in the bioreactors, the designed 
biostimulation strategy of combined nutrients addition to the con-
taminated soils within the specified incubation periods could 
be considered to be the most dominant factors responsible for 
the relatively higher percentage of TPH removal and TSP improve-
ment in the soil samples. Although, the maximum percentage 
values recorded for TPH removal and TSP improvement for the 
natural bioattenuation process within the incubation period may 
yet increase further or decrease, if the experimental period is 
extended. But, the degree of biodegradation processes in the soil 
would depend on the available microbes and the nature of the 
remaining contaminants in the soil [15]. This suggests that the 
TPH contents of the spent-engine oil contaminated soil may or 
may not degrade further and the soil porosity may or may not 
improve further, even without the addition of cow-manure, poul-
try-manure and NPK-fertilizer.
3.2.2. Enhanced biodegradation through biostimulants treatment
The bioremediation experiments were done with high precision 
and reliability, especially with the relatively higher percentage 
values of 66.92 and 52.65 recorded as TPH removal and TSP 
improvement. There were substantial improvements in the proper-
ties of the soil samples amended with the three biostimulants 
combinations in the bioreactors, when compared with the original 
spent-engine oil contaminated soils shown in Table 3. These im-
provements may have been caused by the increased bioactivities 
within the soils’ microenvironment, as a result of the enhanced 
biostimulation of indigenous microbes due to the addition of the 
biostimulant variables [25]. The addition of nutrients is needed 
to increase or enhance the bioactivities of microbes in the soil 
for effective bioremediation of the contaminated soil to take effects 
[5]. This further suggests that the addition of the independent 
biostimulants increased the rate of biodegradation in the soil sub-
stantially more than those previous reported in some literatures. 
For instance, [29] reported that an average of 55.43% reduction 
in the total petroleum hydrocarbon was achieved in the crude-oil 
polluted soil that was amended with poultry droppings; and this 
was only attained because of increment in heterotrophic bacterial 
and fungal counts by 4.2 × 104 cfu/g and 1.8 × 104 cfu/g, re-
spectively, but the results obtained from the soil without poultry 
litters were quite insignificant within 90 d.
The high TPH removal from the spent-engine oil contaminated 
soil may be attributed to the optimised nutrients added to the 
soil. According to [24], the augmentation of cow dung on a 
soil that was artificially contaminated with crude oil helped 
to enhance the ability of Eleusine indica to reduce the quantity 
of polycyclic aromatic hydrocarbons and heavy metals from 
the soil quite significantly. But, excessive addition of the cow 
dung to the soil encouraged available hydrocarbon-degrading 
microbes to concentrate on biodegrading the nutrients, while 
allowing the crude oil to persist in the soil. Also, [5] reported 
that 38.58% of TPH contained in the spent-engine oil con-
taminated soil they studied was removed by natural attenuation, 
as compared to a maximum value of 84.24%, when 2.5 kg of 
the soil was amended with poultry litters up to 30% of the 
soil weight within 8 weeks incubation. It was also reported 
by [26] that lime fertilizer showed remarkable results as a bio-
stimulant for the growth of bacteria and fungi during the bio-
remediation of spent lubricating oil, however, the extent to 
which the quantity of the lime fertilizer added to the soil affected 
the growth of the microbes were neglected. The negligence of 
the effects of the quantities of the nutrients added to the con-
taminated soils in most of these studies weakened the reliability 
of the results – only optimum nutrients required should have 
been added to the contaminated soils.
When compared to the results reported by [33], the overall 
results of this study are in reasonable agreement, except for the 
fact that their investigation was centered on enhanced bio-
remediation of soil artificially polluted with spent-engine oil. They 
reported that while only 28.80% of TPH was removed by natural 
attenuation process, 66.65% of TPH was removed from the soils 
amended with varying combination of NPK-fertilizer, hydrogen 
peroxide and Tween 80 biostimulants in 42 d incubation period.
The addition of the independent biostimulants to the spent-en-
gine oil contaminated soils obtained from the automobile work-
shop increased the rate of biodegradation in the soil substantially. 
In general, the significance of the increased bioactivities within 
the contaminated soils during the incubation period was evidenced 
in the improved TSP, which reflects an overall textural and struc-
tural improvement of the soils samples. A textured mineral soil 
that is in good structural condition for plant growth usually has 
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very good pore spaces [37]. This is because the pore spaces are 
not only important for the storage of water and its movement, 
but also for the exchange of gases such as oxygen and carbon-
dioxide between the soil and the atmosphere. On the other hand, 
there was substantial percentage reduction in the TPH contents 
of the soil samples in all the bioreactors, including the control 
sample which recorded only 19.20% TPH removal.
3.3. Data Interpretation and Statistical Analysis
3.3.1. Data interpretation
The percentage TPH removal and percentage improvement in 
TSP in run 2 with minimum cow-manure (A), minimum poul-
try-manure (B) and maximum NPK-fertilizer (C) were the least 
values recorded, when compared to the other runs. But, as shown 
in Table 4, a range of high percentage increases in TPH removal 
and improvement in TSP were recorded in the following runs: 
4, 5, 8, 14 and 15 with medium nutrient combinations, as oppose 
to those recorded in the runs involving both minimum and max-
imum nutrient combinations. The reasons for this phenomenon 
are not clear, but may be attributed to the fact that the medium 
nutrient combinations may have created better conducive micro-
environments within each designated bioreactor (run) for the in-
digenous microorganisms to thrive than those created by the nu-
trients combined in the other bioreactors (runs 1, 2, 3, 6, 7, 9, 
10, 11, 12, 13, 16 and 17). 
This observation is at variance to that reported by [33] that 
the highest set of percentage removal of total petroleum hydro-
carbon occurs in runs involving relatively high amount of NPK-fer-
tilizer, Tween 80 and pig manure than otherwise. One of the 
possible reasons for this might be that the medium values of 
the set of statistical variables tend to influence the observed values 
much more than the corresponding individual smaller or larger 
variables. The other reason may be attributed to the fact that 
the medium nutrient combinations created better microenviron-
ments in the soils, within each of the bioreactors corresponding 
to runs 4, 5, 8, 14 and 15 for the inherent microorganisms to 
thrive, thereby enhancing the biodegradation process that led 
to the increased percentage TPH removal and TSP improvement. 
The latter reason may be particularly responsible for what was 
recorded because the micronutrients (especially carbon and nitro-
gen) that tend to influence the carbon to nitrogen ratio that de-
termine the degree of biodegradation processes may have been 
in the required range in these set of bioreactors.
3.3.2. Statistical analysis and fitting of models
After conducting the experiments for 17 runs and 1 control of 
the BBD, the corresponding responses of the dependent variables 
(TPH and TSP) were statistically analyzed with regards to the 
coded design matrix in Table 2. The statistical analyses of the 
data indicate that the residual values of removable TPH and im-
provable TSP in the soil, after the incubation period, ranged from 
33.08 to 68.30% and 47.35 to 56.33%, respectively. The seventeen 
(17) observed experimental responses were used to develop the 
appropriate models for the dependent response variables. This was 
made possible because the three independent variables (cow-man-
ure, poultry-manure and NPK-fertilizer) correlate positively with 
the two response variables under the second-order quadratic re-
gression, as represented by Eq. (2) and (3). Quadratic regression 









Y1, TPH removal (%) Y2, TSP improvement (%)
Experiment Predicted Experiment Predicted
1 -1 0 -1 45.38 45.61 34.40 34.41
2 -1 -1 0 43.92 44.22 32.01 32.02
3 0 -1 1 55.25 55.21 44.80 44.81
4 0 0 0 66.89 66.56 52.63 52.63
5 0 0 0 66.05 66.56 52.61 52.63
6 -1 0 1 48.94 48.68 36.30 36.27
7 1 -1 0 45.25 45.52 33.00 33.00
8 0 0 0 66.78 66.56 52.64 52.63
9 0 -1 -1 50.8 50.26 40.30 40.27
10 1 0 1 55.04 54.81 42.60 42.59
11 0 1 1 57.78 58.31 47.10 47.13
12 1 1 0 47.84 47.54 35.40 35.38
13 1 0 -1 43.68 43.94 32.75 32.77
14 0 0 0 66.92 66.56 52.60 52.63
15 0 0 0 66.15 66.56 52.65 52.63
16 -1 1 0 44.65 44.38 31.70 31.69
17 0 1 -1 49.29 49.33 40.01 40.00
18 control - - 19.20 - 15.10 -
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statistical models were developed for TPH and TSP from the ex-
perimental data, and they are as shown in Eq. (5) and (6):
YTPH = 66.53 + 1.12A + 0.54B + 3.48C + 1.95AC + 
1.01BC - 13.08A2 - 8.06B2 - 5.22C2 (5)
YTSP = 52.63 + 1.17A + 0.51B + 2.92C + 0.68AB + 
1.99AC + 0.65BC - 13.07A2 - 6.53B2 - 3.04C2 (6)
Where, A is cow-manure concentration; B is poultry-manure 
concentration; and C is the NPK-fertilizer concentration. The co-
efficients of a single factor (i.e., the ones in front of A, B and 
C) represent the effects of that particular factor, while the co-
efficients of two factors (i.e., the ones in front of AB, AC and 
BC), where applicable, and those of second-order terms (i.e., the 
ones in front of A2, B2 and C2) represent the interaction between 
the two factors and quadratic effects, respectively. The terms 
with positive sign have synergistic effects, while the terms with 
negative sign have antagonistic effects to the biostimulation 
process. Only the significant terms, as indicated in the analysis 
of variance (Table S1), were captured in each model.
As can be seen in each of the models, the residual contributions 
of the combined nutrients addition to the soil are both positive 
values, implying that the nutrients exerted synergistic effects on 
the bioremediation process. Also, while the linear and interactive 
terms exerted synergistic effects on the removal of TPH and im-
provement in TSP, the quadratic terms exerted antagonistic effects. 
However, the linear terms exerted greater positive effects (greater 
coefficients) than the interactive terms (lesser coefficients). Also, 
the linear effects exerted by NPK-fertilizer (C) on the removal 
of TPH and improvement in TSP is greater than those exerted 
by both cow-manure (A) and poultry-manure (B), the positive 
interactive influence involving NPK-fertilizer in combination with 
the other two nutrients (coefficients of AC and BC) is quite greater 
than the interactive effects exerted by cow-manure and poul-
try-manure (AB) in the TSP model. The antagonistic effects exerted 
on the removal of TPH and improvement in TSP through the 
biostimulation process by the quadratic terms of NPK-fertilizer 
(coefficient of C2) is quite lower than those exerted by both poul-
try-manure (coefficient of B2) and cow-manure (coefficient of A2) 
in that order in each model.
The fitted models for both TPH and TSP were evaluated by 
considering the validity of the regression equations and the corre-
sponding coefficients of determination (R2), as shown in Table 
S1. Statistical significance level is defined by probability value 
that is less than 0.01 (p < 0.01) or 0.05 (p < 0.05) at 99 or 95% 
confidence intervals, respectively. The model F-values of 560.49 
and 1.46 × 105 imply that the models for TPH and TSP are significant 
at p < 0.05 and 95% confidence intervals, respectively. In each 
case, there is less than 0.01% chance that this large model F-value 
occurs due to noise (i.e., p < 0.0001). Hence, all the terms: A, 
B, C, AB, AC, BC, A2, B2 and C2 in the quadratic regression models 
(except the AB in TPH model) are significant. 
Lack of fit value is designed to indicate whether a particular 
chosen model adequately describes a set of observed data enough 
or not. Since, model authenticity increases from linear to quad-
ratic and then to polynomial, a typical lack of fit value can 
be used to verify whether a chosen model describes the observed 
data enough or a more complicated model would suffice. In 
this case, the lack of fit F-values of 2.15 and 3.26 for the TPH 
and TSP models indicate that the lack of fit is not significant 
relative to the pure error, respectively. There were 23.67 and 
14.20% chance that large lack of fit F-values for the TPH and 
TSP models occur due to noise. Because the lack of fit is not 
significant is good, as the model is required to fit the data. Hence, 
the quadratic regression models chosen for the data is quite 
sufficient.
Statistical coefficient of determination (R2) is a measure of 
goodness of fit that show the degree of correlation between ob-
served values and predicted values. The R2 values of 0.9986 for 
TPH and 1.000 for TSP imply that over 99.86% and 100% of 
the variance are attributed to the contributory features of the 
independent biostimulant variables to the bioremediation proc-
esses and that the models are highly significant. For the TPH 
model, the predicted R2 of 0.9855 suggested reasonable agreement 
with the adjusted R2 of 0.9968 and the predicted R2 of 0.999 
suggested reasonable agreement with the adjusted R2 of 1.000 
for the TSP model. Adequate precision measures the signal to 
noise ratio. A ratio greater than 4 is desirable. The obtained ratios 
of 57.078 and 938.432 for the TPH and TSP models, respectively, 
indicate adequate signals and imply that each model can be used 
to navigate the design space.
The coefficient of variation (CV) being a ratio of standard error 
estimate to the mean of the observed values can be used to measure 
model reproducibility. A model with CV less than 10% is generally 
considered reproducible. The reasonably low CV values of 9.5% 
and 0.69% obtained for the TPH and TSP models, respectively, 
indicate that the two experiments were done with high precision 
and were therefore reliable.
3.4. Response Surface Plots of Interactive Variables
Although, the interactive terms exerted synergistic effects on both 
the removal of TPH and improvement in TSP (as shown in the 
models), the degree of their influence vary to a reasonable extent. 
Since, each of the independent variables under study contributed 
directly or indirectly to TPH removal and improvement in TSP, 
by influencing the bioactivities of indigenous microorganisms 
in the soil, it is expected that the interactive effects due to the 
combination of these variables would exert varying effects on 
the degree of biostimulation process. By gradually increasing the 
concentrations of the nutrients combination: cow-manure (A), 
poultry-manure (B) and NPK-fertilizer (C) from the lower to the 
higher levels, corresponding increase or decrease in TPH removal 
and TSP improvement may arise.
In order to evaluate the influence of the significant interactive 
variables (AB, AC and BC) on the biostimulation process, the graph-
ical response surface plots shown in Fig. 2, 3 and 4 were developed 
for the interactive effects between cow-manure and poultry-manure, 
cow-manure and NPK-fertilizers and poultry-manure and NPK-fertil-
izers for both the TPH and TSP models, respectively. It can be 
generally deduced from the Figures that there were varying removal 
of TPH and improvement in TSP, as the cow-manure increased 
from 1(100.0 g) to +1(150.0 g), poultry-manure increased from 
1(75.0 g) to +1(125.0 g) and NPK increased from 1(2.5 g) to 
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Fig. 2. Surface response plot of the interactive effects between cow 
manure and poultry manure on biodegradation of the spent-en-
gine oil contaminated soil for improvement in TSP.
+1(7.5 g). However, the degree of biodegradation attained under 
each condition was not comparatively the same. For instance, by 
keeping the NPK-fertilizer at maximum level and changing the concen-
tration levels of cow-manure and poultry-manure, the interactive 
effects of the nutrients combinations on the percentage improvement 
in TSP were positively higher than otherwise as shown in Fig. 2.
3.5. Nutrients Optimization and Models Validation
Analyses of the optimum nutrients combination needed by the 
indigenous microorganisms to degrade maximum TPH content 
of the contaminated soil and maximum improvement in TSP were 
done by numerical optimization techniques based on desirability 
function. This was done by setting the independent variables 
(nutrients combination) in range that can stimulate biodegradation 
process and TPH removal and TSP improvement at maximum. 
The optimum nutrient utilization by biostimulating agents to ach-
ieve a predicted maximum TPH removal and TSP improvement 
of 67.20 (or 2,384.17 mg/kg) and 53.42%-dry-weight/kg of the 
contaminated soil samples, respectively were found to be 125.0 
Fig. 3. Surface response plots of the interactive effects between cow manure and NPK-fertilizer on the biodegradation of spent-engine oil contaminated
soil for TPH removal and improvement in TSP.
Fig. 4. Surface response plots of the interactive effects between poultry manure and NPK-fertilizer on the biodegradation of spent-engine oil
contaminated soil for TPH removal and improvement in TSP.
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g cow-manure, 100.0 g poultry-manure and 10.50 g NPK-fertilizer 
per kg of spent-engine oil contaminated soils. At this optimum 
point and desirability of 1.00, the actual observed TPH and TSP 
percentages were 66.92 (or 2,374.32 mg/kg) and 52.65%-dry- 
weight/kg of the soil, respectively.
Validation of the models at the optimum level of the in-
dependent biostimulants was done by determining the standard 
deviation and percentage error arising from the predicted and 
actual values of the independent biostimulant variables. The per-
centage error was determined by using Eq. (7):
Error = [(Actual value - predicted value) / Actual value] × 100 (7)
For TPH, the error between the predicted and actual values 
was found to be 1.42, while that for TSP was found to be 1.46. 
There was no obvious significant difference between the predicted 
and actual values. The response surface plot of the optimization 
results based on desirability function is as shown in Fig. S1.
The two quadratic regression models for TPH removal and 
improvement in TSP were significant at p < 0.05, respectively. 
The fact that all the terms in the models, except the interactive 
term AB in the TPH model are significant suggests that the experi-
ment was done with high accuracy and is reproducible. The inter-
active term AB was not significant perhaps because of the fact 
that the combined inherent nutrient properties of both the cow 
and poultry manures such as nitrogen, phosphorous and carbon 
were relatively lower when compared to those involving the 
NPK-fertilizer. Hence, their relative availabilities for utilization 
by the soil microbes for enhanced biodegradation of hydrocarbons 
leading to TPH removal and improvement in TSP is comparatively 
lower. Subsequently, the exclusion of this non-significant model 
term (AB) in the TPH model improved its coefficient of determi-
nation (R2). 
4. Conclusions
The use of BBD has proven to be a reliable and powerful tool 
for modelling and optimization of spent-engine oil contaminated 
soils through biostimulation strategy. Considerable removal of 
total petroleum hydrocarbon and improvement in total porosity 
of the soil contaminated by spent-engine oil were achieved through 
biostimulation with cow-manure, poultry-manure and NPK-fertil-
izer acting as independent biostimulant variables to the bio-
remediation process. Maximum total petroleum hydrocarbon re-
duction of 66.92%-dry-weight from the soil and a corresponding 
52.65%-dry-weight improvement in its porosity were observed 
at the following optimum quantity of nutrients combination: 125.0 
g cow-manure, 100.0 g poultry-manure and 10.5 g NPK-fertilizer 
per kg of the contaminated soils. Reliable predictive quadratic 
regression models for both dependent responses (TPH and TSP) 
were found to be highly significant. The results indicate that 
bioremediation of spent engine oil contaminated soil with the 
use of cow-manure, poultry-manure and NPK-fertilizer, as bio-
stimulating agents led to gradual and steady reduction of total 
petroleum hydrocarbon content and improvement in total porosity 
of the soil within 42 d incubation period. 
In the future, it may be important to compute the combined 
carbon to nitrogen ratio of these nutrients so as to ensure that 
the threshold value required for seamless bioremediation process 
to take place is satisfied. Also, it may be important to characterize 
the nature of microbes and microbial activity taking place during 
biostimulation as well as investigate the effects of this treatment 
strategy on other inorganic contaminants present in the spent-en-
gine oil contaminated soils. As a long-term plan, ecological recov-
ery and restoration and agricultural crop development within 
soils remedied using these optimal nutrient combinations would 
be worth investigating.
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